Electron spin resonance (ESR) studies of two antibiotics, Cefaclor and Clarithromycin, have been performed in order to investigate concentration and dynamics of free radicals generated in these compounds due to thermal sterilization. For Cefaclor three combinations of temperature and heating time have been applied: 160
•

C, 170
• C, 180
• C for 120 min, 60 min, and 30 min, respectively, according to the pharmaceutical sterilization norm. Clarithromycin has been heated at 160
• C for 120 min. The ESR lineshape has been investigated versus microwave power ranging from 2.2 mW to 70 mW. Electron spinspin relaxation time has been estimated from the ESR lineshape analysis. Concentrations of radicals generated due to dierent sterilization procedures have been compared with the purpose to select the best sterilization scheme.
PACS: 87.15.La, 87.64.kj, 87.64.kh, 75.10.Dg 1. Introduction An important part of the procedure of producing pharmaceutics is thermal sterilization. In practice this process is realized by heating the compounds at a given temperature for a given time. Typically three combinations are applied: 160
• C for 120 min, 170
• C for 60 min, and 180
• C for 30 min. Due to the thermal sterilization free radicals are created. Performing the sterilization it is very important to keep the amount of generated radicals as low as possible because of their unwanted activity in chemical reactions. Beside the concentration of the created radicals it is also important to monitor their relaxation properties (electron spin relaxation time) that inuence their eects on metabolic processes in cells.
Free radicals in drugs may be responsible for the major toxic eects in human organism. Free radicals appear in drugs as the result of physical interactions. High temperature causes paramagnetic character of drugs via homolytic reactions as the breaking of chemical bonds in their structures [13] .
The important aim of the performed studies is to determine concentration and properties of free radicals formed in the two exemplary drugs exposed to high temperature during sterilization process. The practical purpose of this work is an optimization of the conditions of thermal sterilization for the tested drugs. The best conditions of storage are these with the lowest free radical concentration. * corresponding author; e-mail: danuta.kruk@matman.uwm.edu.pl This work is meant as an extension of similar studies [2, 4, 5] performed for dierent antibiotics. ESR spectroscopy provides information on the relaxation dynamics of paramagnetic centers [6, 7] as well as on their concentration. The ESR spectrum can be treated as a probability density of the spin transition at a given frequency ω including the eect of local magnetic elds uctuating in time (the electron spin relaxation). Thus analyzing the shape of the ESR spectrum one gets access to the electron spin relaxation. In ESR experiments rst derivative of the absorption spectrum is recorded. This implies that double integral such a spectrum gives is proportional to the amount of paramagnetic centers. This implies that double integral of such a spectrum gives is proportional to the amount of paramagnetic centers. These features have been exploited to investigate the electron spin relaxation and concentration of paramagnetic centers generated due to thermal sterilization of two antibiotics: Cefaclor and Clarithromycin.
Materials and methods
Cefaclor is a semisynthetic antibiotic chemically related to penicillin, while Clarithromycin is a macrolide antibiotic. Both are used to treat bacterial infections. Their structure is shown in Fig. 1 [8] . Cefaclor has been heated in the temperature of 160
• C for 120 min, 60 min, and 30 min, respectively, while for Clarithromycin 160
• C has been applied for 120 min. Then ESR spectra (X-band, 9.3 GHz) have been recorded versus microwave power in the range of 2.270 mW at room temperature.
(514) Fig. 1 . Structure of Cefaclor (a) and Clarithromycin (b).
Results and analysis
The ESR spectra collected for increasing power of the microwave irradiation have been rescaled (multiplied by a constant) to reach the best possible overlapping. Then the broadening of the ESR lines with increasing microwave power is revealed. Figure 2 shows illustrative ESR spectra for Cefaclor and Clarithromycin ((a) and (b), respectively) obtained after heating these antibiotics at 160
• C for 120 min. The spectra can be approximated by a derivative of Lorentzian function (as it will be shown later) and they are of a rather similar width. To investigate the inuence of the sterilization procedure ESR spectra for Cefaclor sterilized at the temperature of 170
• C for 60 min and 30 min, respectively, have been collected as well; examples of them are shown in Fig. 3 . For higher power of the microwave irradiation the spectra become progressively broader, however the eect is not very pronounced. The Lorentzian ESR lineshape is described (in its derivative form) as
where ∆ω = ω−ω 0 denotes the deviation of the frequency at which the spectrum is taken (ω) from the central frequency ω 0 = 9.3 GHz.T 2 is dened as:T 2 = T 2 √ S, where T 2 is the electron spinspin relaxation time, while S is referred to as a saturation factor given as [6, 7] : The spinspin relaxation time T 2 can be obtained from the analysis of the ESR lineshape for low radiofrequency power. In this case one can approximate them by the values at 2.2 mW which are equal to 11.2 ns, 11.7 ns, 12.1 ns and 11.4 ns for Cefaclor, 160 
The parameter ξ is given as ξ = The experimental dependencies are shown in Fig. 6 . For Lorentzian lines the amplitude is described by the relationship
where the denition of the saturation factor S of Eq. (2) has been substituted. This means that for small microwave powers the amplitude increases with √ P , while for larger powers it decreases linearly with P (eventually a saturation is reached that is not predicted by Eq. (4) but observed in Fig. 6 ). In this gure one sees the linear decrease of the amplitude with the microwave power indicated by solid straight lines. The slopes of the decays are similar for Cefaclor (independent of the sterilization procedure), but dierent for Clarithromycine, again indicating somewhat dierent spinlattice relaxation of the paramagnetic centers in both compounds.
Summarizing this part of the work one observes that the electron spin relaxation does not dier much for different sterilization procedures; one can see this explicitly from Fig. 3 in which rescaled ESR spectra for Cefaclor that underwent sterilization at 160
• C for 120 min, 60 min, and 30 min, respectively, are directly compared for a selected microwave irradiation power. One can also conclude at this stage that the relaxation dynamics of the paramagnetic centers is very similar for both compounds Cefaclor and Clarithromycin. As long as we consider normalized spectra with the purpose to analyze their shape and determine the relaxation time, the amplitude of the lines is irrelevant. It is however of importance when one discusses the concentration of the radicals created in the sample. Assuming that all spectra are of the same shape (they are Lorentzian in this case) and that the same amount of material has been taken the amplitude gives directly the relative concentration of radicals, i.e. the ratio of amplitudes determines the ratio of concentrations. In order to estimate the relative concentration of the created radicals the amplitudes of nonscaled spectra (but taken under the same condition and for the same amount of material) have to be compared as shown in Fig. 7 . The situation can be dierent for other compounds then another sterilization procedure can turn out to be the most appropriate one. The concentration of radicals for dierent pharmaceutics that underwent the same sterilization procedure can also vary. Comparing the case of Clarithromycine and Cefaclor (both sterilized at 160
• C for 120 min) one can see that in the rst case the concentration of radicals is considerably lower. These results are of high practical application for pharmaceutical industry. 4 . Conclusions ESR spectroscopy of thermally sterilized antibiotics, Cefaclor and Clarithromycine, have been performed in order to get information on the concentration of paramagnetic centers generated due to dierent protocols of the sterilization procedure. It has turned out that while the relaxation features of the centers are similar for both compounds, they are not considerably aected by the sterilization procedure. The electron spinspin relaxation time has been estimated from ESR spectral analysis for low radiofrequency power. It has also been shown that the concentration of the paramagnetic centers is, however, strongly dependent on the details of sterilization.
